Nowadays, nitrite and nitrate ions are analyzed in biological samples using laborious and expensive methods; such as HPLC, CE, MS-MS. In this work, the simultaneous analysis of nitrite and nitrate ions was conducted by electrospray ionization-ion mobility spectrometry (ESI-IMS), without using any complicated or laborious derivitization step. Ion mobility spectrometry with low cost, inexpensive maintenance and very fast analysis makes an attractive technique for the simultaneous determination of these ions in foodstuff and drinking water samples. The analyte interference was systematically investigated for binary mixture analysis. The obtained results provided detection limits of 3.8 and 4.7 μg/L for nitrite and nitrate, respectively. A linear dynamic range of about 2 orders of magnitude, and relative standard deviations below 5% were obtained by the proposed method for the analysis of both ions. Also, the proposed method was used to analyze various real samples of potato and drinking water samples, and the obtained results confirmed the capability of negative ESI-IMS for the simultaneous detection of nitrite and nitrate.
Introduction
Recently, the determination of nitrite (NO2 -) and nitrate (NO3 -) in natural water samples, soil, and food is assumed to be of vital importance, because these ions are involved in the overall nitrogen cycle that exists in nature. 1 The nitrogen-based fertilizers used in agriculture have main roles in the production of nitrite and nitrate in the environment. In addition, water streams from industries, such as the production of pharmaceuticals and explosives as well as food processing, are important contamination sources in the atmosphere. Nitrite has a harmful impact on human health due to its reaction with secondary amines to form nitrosoamines in food products as well as within the human digestive systems. 2 The accumulation of nitrite in blood and tissues produces toxic derivatives with deleterious action upon physiological processes, via complex reactions. 3 Although nitrate has more stability and less toxicity than nitrite, this compound is also of concern because of its easy biodegradation and conversion to nitrite by microbial reduction in food products. 4, 5 For these reasons, a rapid and sensitive method for determining low levels of nitrite and nitrate directly from aqueous samples is desirable.
Many methods, including spectrophotometric, 6, 7 chromatographic, [8] [9] [10] [11] potentiometric, 12,13 gas chromatographymass spectrometry (GC-MS) and liquid chromatography with fluorescence detection 14 and flow injection analysis [15] [16] [17] have been reported for the quantitative and qualitative analysis of nitrite and nitrate. Nonetheless, most of these methods suffer from a number of disadvantages, such as highly complication and laborious derivitization, the need for toxic reagents and harmful organic solvents, extensive sample preparation, time-consuming analysis, stability of the colored product formed, etc.
Ion mobility spectrometry (IMS) emerged in the 1970s as an accepted analytical method for the determination of chemical compounds. This technique is low cost, fast, accurate, sensitive, and portable enough for today's environmental analytical applications. 18 A variety of ionization sources, including radioactive sources (e.g. 63 Ni), corona discharge, photoionization, electrospray ionization (ESI), and very recently low-temperature plasma 19 have been used for IMS. However, most of these ionization sources are used for the analysis of volatile and semi-volatile organic compounds. Electrospray ionization converts sample molecules from liquid to gas-phase ions. This nonradioactive source is attractive as an ionization method for IMS due to its capability for the direct determination of organic and inorganic compounds in liquid samples. 18 Ion mobility spectrometry with an electrospray ionization source (ESI-IMS) was first reported for non-volatile compounds from aqueous solutions in the 1980s by Shumate and Hill. 20 Other investigations reported by Hill's group 21, 22 indicate that ESI-IMS can be used as a potential instrument for the qualitative and quantitative analysis of inorganic anions. However, only water was used as the real sample, and the analyte interferences were not investigated.
The objective of this work is to investigate the capability of ESI-IMS for the analysis of nitrite and nitrate, simultaneously in various water samples (mineral and tap water) as well as in potato samples. This method is sufficiently simple and fast for the direct determination of NO3 -and NO2 -in real samples, without any considerable sample pretreatment.
Experimental

Chemicals and samples
The standard compounds of sodium nitrate (NaNO3) and sodium nitrite (NaNO2) of analytical grade were purchased from Merck. HPLC-grade methanol was also purchased from Merck and used for the preparation of solutions and as an electrospray solvent. Water was 18-MΩ deionized, prepared by Barnstead Ultrapure Water Systems (USA). Two different potato samples were obtained from two different local markets in the Fereidan (Isfahan, Iran) and Dezful (Khozestan, Iran) regions. The mineral water samples were purchased from three different manufactures of Pars, Desani and Damavand (all from Iran). Two tap-water samples were collected from household water tap located in the cities Isfahan and Tehran.
Ion mobility spectrometry
The electrospray ionization ion mobility spectrometer (ESI-IMS) used in this research was designed and constructed in our laboratory (at Isfahan University of Technology), which has been described previously. 23 Briefly, the main parts of the instrument are: an IMS cell, an electrospray needle, two high-voltage power supplies, a pulse generator, an analog-to-digital converter and a computer. The IMS cell of the system was constructed from 16 aluminum rings (10 mm thickness), which were separated from each other by thin PTFE rings (2 mm thickness). The IMS cell length was divided into three regions: the electrospray region (3 cm), the desolvation region (4 cm), and the drift region (11 cm in length). The drift and desolvation rings had inner diameters of 4 and 2.1 cm, respectively. The aluminum rings were connected together by a series of resistors to form an electric field gradient. The electrospray needle (P/N 7768-01, Hamilton, Reno, NV), which was fixed at one end of the cell, was inserted into a Teflon tube to eliminate any corona discharge problem. A six-port injection valve (Rheodyne, USA) having an external injection loop with a volume of 20 μL was used for sample introduction. The Bradbury-Nielsen shutter grid was made of two series of parallel wires biased to a potential, creating an orthogonal field relative to the drift field, to block ion passage to the drift tube. The grid potential was removed for a short period of time (200 μs) by the pulse generator, so as to admit an ion pulse to the drift region. Preheated nitrogen was employed as the drift and desolvation gases with flow rates of 500 and 900 mL/min, respectively. The default Faraday plate detector configuration consisted of a 21 mm-diameter stainless-steel plate, positioned ~1.0 mm behind the aperture grid. The high-speed A/D module (12-bit dynamic range) was used to measure the spectrometer output and to convert the analog signal to a digital one. The electrospray solvent used in this work was pure methanol, unless mentioned otherwise. All mobility data were collected by data-acquisition software, with each IMS spectrum being the average of 50 individual spectra. Table 1 summarizes the operating conditions under which the IMS spectra were taken.
Sample preparation
All water samples were collected in sterile glass vials and transported immediately to the laboratory for analysis. Only dilution and filtration steps are necessary for the direct analysis of analytes in water samples. In this regard, typically, 5% solution of water in methanol was suitable for the appearance of a stable electrospray plume. The diluted water samples were filtered through a syringe filter with 0.2 μm pore size (FPE-204-030, Jet Biofil Co.) before injection to ESI-IMS.
For the analysis of analytes in potato samples, 220 g of fresh tissue was weighed after washing and peeling. The yellow sample juice was collected with an electrical juicer. This potato juice was filtered with a small stainless-steel sieve and the remainder discarded. In studies of recovery with intact tissues, nitrite and nitrate were added before taking the potato juice. The obtained aqueous samples were centrifuged at 4000 rpm for 10 min. An aliquot (1.0 mL) of the upper portion was carefully taken directly from the centrifuge tube and added to a glass tube. For the precipitation of proteins, 4.0 mL of pure methanol was added to the glass tube and the sample was again centrifuged at 4000 rpm for 20 min. Two milliliters of upper aliquot were pipetted into a vial and evaporated under a stream of nitrogen at 60 C to dryness. The residue was resolved in 2 mL of methanol, and the solution was then filtered through a syringe filter (0.2 μm pore size). The eluate solution was diluted (500 to 1500-fold) sufficiently to produce a stable electrospray plume. Exactly 20 μL of the final solution was injected into the valve of the ESI-IMS to determine the nitrite and nitrate concentrations. 
Results and Discussion
Ion mobility spectra The ion mobility spectra of the electrospray solvent (background) and solvent in the presence of nitrite and nitrate ions are depicted in Fig. 1 . These spectra were taken under normal operation conditions, which are tabulated in Table 1 . As this figure shows, the mobility spectrum of the background contains some ion peaks that originated from methanol as the electrospray solvent. In our previous work 24 we assigned these background ion peaks using comparisons between the calculated reduced mobility values (K0) and those obtained in other studies. This figure shows ion peaks named N1 and N2 for nitrite and nitrate, respectively. The reduced mobility values (K0) of N1 and N2 are 2.76 and 2.50 cm 2 V -1 s -1 , which are very close to the K0 value of nitrite (2.75) and nitrate (2.47) reported by Dwivedi et al. 22 As they have discussed, the presence of nitrite and nitrate ions in the solvent mobility spectrum may be due to impurities present in the solvent. In addition to this comment, it is suggested that the formation of these ions may also be due to a high voltage (2.4 kV) applied between the needle and the counter electrode, resulting a small corona-discharge phenomenon. The main reason of this is increasing nitrite and nitrate intensity when the corona discharge ionization was established, instead to an electrospray source. 22 In fact, these ions are believed to be formed in the gas phase at the corona-discharge region. Anyway, the intensities of nitrite and nitrate ions were stable in the background spectrum during all experiments with constant conditions ( Table 1) .
The ion mobility spectrum of a mixture of nitrite and nitrate with the same concentrations of 0.2 μg/mL is also shown in Fig. 1 . According to this figure, no overlapping is really observed among the N1 and N2 ion peaks, indicating the possibility of the simultaneous analysis of these ions.
Calibration curve and analytical parameters
For the quantitative analysis of nitrite and nitrate ions, a series of standards in the range of 1 -1000 μg/L of two ions was prepared in methanol, and used to determine the analytical parameters of the instrument. When the standard solutions were injected into the valve, the ion peak originating from the ion appeared after a short time (~30 s). The signal of the ion increased to reach the maximum, and then decayed almost exponentially. The maximum signal was recorded and the area of the ion peak was calculated and considered to be the response of ESI-IMS for each concentration of the ion. The responses of ESI-IMS were plotted against the concentrations of these compounds, and the calibration curve equations were developed by the least-squares method. The working range is about 2 orders of magnitude for both ions. According to the results, in the range of 10 -700 μg/L good linearity with a correlation coefficient (R 2 ) larger than 0.991 was observed for nitrite and nitrate. Using the standard definition of S/N = 3, the detection limits of 3.7 and 4.8 μg/L were determined for nitrite and nitrate, respectively. The relative standard deviation (for 0.2 μg/mL, n = 8) was below 5 percent for both ions. The analytical parameters obtained by the proposed method for the analysis of nitrite and nitrate ions are given in Table 2 . Compared with the proposed method, a few other analytical methods show lower detection limits. 14, 25 However, these methods are very expensive and highly sophisticated. In addition, in gas chromatography and spectrophotometric methods nitrite and nitrate must be derivitized in order to make them suitable for measurements. The proposed method presents detection limits superior to several other methods recently reported that use HPLC-DAD 26 chemiluminescence 27 and a UV-photodiode detector. 28 The quantitative results are promising for the development of this method for the simultaneous analysis of nitrite and nitrate in aqueous samples. However, the influence of analyte interference should also be investigated. In order to check this effect, the slope of the calibration curve for a set of standard nitrite solutions was compared with that of the calibration curve for the same set of standard nitrite solutions in the presence of a constant amount of nitrate. The same comparison was also made for the calibration curves with nitrate in the presence or absence of nitrite. The calibration curves are shown in Fig. 2 . This figure shows that the slope of the calibration curve of nitrite solutions without nitrate is not significantly different from that of plot of solutions containing nitrate, and the same result is obtained for nitrate curves. Therefore, it can be concluded that in the studied ranges of concentration, nitrite does not impose a matrix effect on the nitrate signal, and vice versa. The results of these experiments allow us to proceed with the simultaneous analysis of these ions using the individual calibration curves.
Real sample analysis
To demonstrate the capability of the ESI-IMS system for the simultaneous analysis of nitrite and nitrate in real samples, the proposed method was used to analyze these ions in drinking water and potato tissue. In this regard, real samples were prepared for injection according to the procedure described in the Sample preparation section.
The ion-mobility spectrum of the sample obtained from potato juice and tap water compared with that of the background is shown in Fig. 3 . This figure clearly displays the ion peak that originated from the nitrate of samples and no significant interferences were observed during the analysis. In addition, some mineral waters were analyzed using the proposed method, and the obtained results were compared with those reported by their manufactures. It must be noted that all of the real samples were determined by the standard addition method. The results are given in Table 3 . From the analysis of these samples, it was found that in all cases the nitrate was detectable, but the nitrite ion was not. Comparisons of the nitrate amounts in mineral waters calculated in this work with those reported by manufacture reveal the accuracy of the method. On the basis of mobility spectra obtained from real samples, no significant ion peaks were observed for interferences, indicating the satisfactory selectivity of the method. This finding fulfilled the promise of selecting negative ESI-IMS as a suitable method for determining these inorganic ions in liquid samples.
In addition, for a deeper investigation of method validation, the ion mobility spectra of samples extracted from the potato tissue and spiked with the nitrite, nitrate, and the binary mixture of them are shown in Fig. 4 . Spectrum (C) shows two ion peaks, N1 and N2, originating from nitrite and nitrate in a spiked mixture solution. Comparison of this spectrum with the individual spectra of nitrite and nitrate shows that the ionic peaks of N1 and N2 do not overlap with each other. The recovery values were calculated for some spiked samples, and the results are tabulated in Table 4 . Based on the obtained results, the extraction recoveries of the analytes from the real samples were satisfactory; consequently, the proposed method can be easily employed for the simultaneous analysis of nitrite and nitrate in water and potato samples.
Conclusions
In this research, electrospray ionization ion mobility spectrometry (ESI-IMS), as a very rapid, sensitive and simple analytical method, was used for the simultaneous determination of nitrite and nitrate in various matrices. The results reached in this work demonstrate that the ESI-IMS method is very effective and sufficiently simple to be conveniently used as an alternative technique for simultaneous analysis of nitrite and nitrate in real samples. In this method, the analysis time was much shorter than that of the methods such as LC, GC or CE; also, the reliability was not lower that of the other methods. In addition to portability, IMS is much easier to use, and is cost effective compared to the other methods. Additionally, IMS can be used not only as a detection system, but it can also resolve the different ions based on their mobility. Hence, it can nearly be considered as a separation device. Consequently, it is highly recommended for the routine analysis of nitrite and nitrate, simultaneously. 
